We present a digital holographic microscope that permits one to image polarization state. This technique results from the coupling of digital holographic microscopy and polarization digital holography. The interference between two orthogonally polarized reference waves and the wave transmitted by a microscopic sample, magnified by a microscope objective, is recorded on a CCD camera. The off-axis geometry permits one to reconstruct separately from this single hologram two wavefronts that are used to image the object-wave Jones vector. We applied this technique to image the birefringence of a bent fiber. To evaluate the precision of the phase-difference measurement, the birefringence induced by internal stress in an optical fiber is measured and compared to the birefringence profile captured by a standard method, which had been developed to obtain high-resolution birefringence profiles of optical fibers.
Introduction
Digital holography takes advantage of the performance of the classical holographic technique but adds the advantages of the digital approach. Indeed, classical holography was the first imaging technique that permitted one to record simultaneously the amplitude and the phase components of a wavefront, but it had a major disadvantage: less quantitative results, lower access rate, and less flexibility in data processing. The development of sensitive and fast acquisition devices, such as charge-coupled devices (CCD) sensors, and the computational power increase of personal computers allowed the birth of digital holography and therefore a fast accessibility to quantitative results. Even if classical holography evolved to allow quick image reconstruction (a minute or less), 1 it is still far from the performances of certain types of digital cameras used, for example, by Pedrini Introducing a microscope objective (MO) to increase the spatial resolution was done in holography a long time ago, 4 is now a basic procedure in digital holography, 3, [5] [6] [7] and allows amplitude and phase contrast imaging with a spatial resolution of better than 1 m in all dimensions. 3 Another procedure already proposed in classical holography is to record on the same support different interference patterns (multiexposed holograms). A first possibility is to record these interferences by changing the reference-wave orientation. As a consequence, when the hologram is illuminated, different reconstructed objects appear, depending on the orientation of the illumination wave. Well known examples are the artistic holograms where we can observe a human face that is smiling or not when looking at it from the left or from the right. Another possibility is to record simultaneously the interference between an object wave and several reference waves as suggested by Lohmann in 1965, 8 and especially using two different polarizing reference waves. If the first possibility has no real interest in digital holography, the second one can be applied easily as presented in Refs. 9 and 10 and allows polarization imaging by use of a single hologram.
Other techniques allow state-of-polarization (SOP) imaging, but most of them need polarizing-analyzing optics (polarizors, rotators, and retarders) that must be adjusted at various settings, requiring a long setting time compared to the acquisition performances of a CCD. The temporal resolution can be improved by use of a liquid-crystal universal compensator in place of analyzing optics, 11 but the technique still needs several images to reconstruct SOP. Finally other methods very similar to holographic ones allow SOP imaging with a single acquisition, 12, 13 but their main drawback is a relatively low spatial resolution compared to polarizing-analyzing techniques that can use a microscope objective to improve the spatial resolution.
Here, by the introduction of a MO in the setup, the polarization digital holography (Pol-DH) method evolves to polarization digital holographic microscopy (Pol-DHM) by combining the method of Refs. 3 and 9. To illustrate the method, a bent optical fiber is used to study the induced birefringence. To evaluate the precision of the method, the birefringence due to fiber internal stresses is measured by Pol-DHM with two different MOs and compared with the birefringence profile captured with a high-resolution standard method.
Method

A. Polarization Microscope Design
The Pol-DHM geometry presented in Fig. 1(a) is designed for transmission imaging with transparent samples. The basic architecture is that of a MachZehnder interferometer with two orthogonally linearly polarized reference waves that interfere with an object wave in off-axis geometry as presented in Fig. 1(b) .
The incident-object plane wave O in is focalized by a lens L (focal f L ϭ 30 mm, NA Х 0.07) to illuminate a small portion of the sample with a known linear polarization state determined by the orientation of a polarizer [Pol. ␦°in Fig. 1(a) , ␦ ϭ 45°for the applications presented here]. The position of the sample is adjusted to produce a magnified image of the sample with the MO at a distance d behind the CCD ͑d Х 5 cm͒. The transmitted light collected by the MO produces a wavefront called object wave O. The SOP of the object wave is different from the illuminating wave O in and results from the sample birefringence properties integrated along the propagation direction. Then the wave O diverges from the MO to cover the entire chip of the CCD placed at 15 cm from the MO. To simplify the theoretical analysis of polarization, we define a single propagation vector k o perpendicular to the CCD plane ͑x o y o ͒.
The reference waves R 1 and R 2 , respectively polarized horizontally (along x R1 ) and vertically (along y R2 ) by polarizers [Pol. in Fig. 1(a) ], reach the CCD camera with a small incidence angle 1 and 2 , respectively ͑ 1 Х 2.5°, 2 Х 3°͒. To avoid any interference between the reference waves, the vectors x R1 and y R2 should be orthogonal; therefore, the directions of propagation k R1 and k R2 should be respectively in the planes y o z o and x o z o .
Using the Jones formalism, the different waves are written 
where r ϭ ͑x, y, z͒ is the position vector, o ϭ o ͑x, y͒ is the sample optical phase delay seen by a linear horizontal polarized wave, and ⌬ o is the phase difference. The wave vectors are written
where is the wavelength of the laser used, in our case a He-Ne laser emitting at 633 nm.
At the output of the interferometer the interference between O, R 1 , and R 2 creates the hologram intensity distribution
The first three terms of Eq. (3) form the zero order of diffraction; the fourth and fifth terms produce two real images corresponding respectively to the horizontal and vertical Jones-vector components. The last two terms produce the virtual images.
A digital hologram is recorded by a black-andwhite CCD camera (Basler A101f) and transmitted to a computer by a firewire port. The digital hologram I H ͑k, l͒ is an array of N ϫ N ϭ 512 ϫ 512 8-bitencoded numbers resulting from the two-dimensional sampling of I H ͑x, y͒ by the CCD camera:
where k, l are integers and ⌬x, ⌬y define the sampling intervals in the hologram plane (pixel size) ⌬x ϭ ⌬y ϭ L͞N (L ϫ L is the area of the sensitive chip). We can see in Fig. 2 that the hologram appears as the superposition of two interference fringe patterns, one interference pattern for each reference wave. These fringes are curved because of the phase curvature produced by the MO and are not concentric with respect to the center of the image as a consequence of the off-axis geometry.
B. Spatial Filtering
By computing the Fourier transform (FT) of the hologram, we obtain its spectrum. Figure 3 presents the amplitude of this spectrum, where the frequencies of the zero-order of diffraction, of the real and virtual images, and of parasitic interferences can be seen. By applying two different spatial filterings on this spectrum, the spatial frequencies components corresponding to each virtual image are selected separately as explained in Ref. 14 (Fig. 4) . Because the object wave has a range of propagation vectors and not a single propagation vector as described in Eq. (1), the frequencies for each virtual images are spread out and not concentrated in a point.
Computing the inverse FT of these filtered spectrums results in two filtered complex holograms, and the standard reconstruction algorithm can be applied on each filtered hologram as explained in the next subsection. These two complex holograms are written
for j ϭ 1, 2.
C. Reconstruction Algorithm
In classical holography, illuminating the developed hologram successively with the two reference waves will perform the reconstruction. The reconstructed wavefronts are defined as follows:
In the Fresnel approximation the reconstructed wavefronts can be written as
As explained in Ref. 3 , a discrete formulation of Eq. (7) involving a FT can be derived directly:
where m and n are integers ͑ϪN͞2 Յ m, n Յ N͞2͒, DFT is the discrete Fourier transform, and A ϭ exp͑i2d͒͑͞͞id͒, with d the reconstruction distance. ⌬ and ⌬ are the sampling intervals in the 
The parameters k Djx , k Djy must be adjusted to match as closely as possible the propagation direction of the experimental reference waves R j .
In digital holographic microscopy, we have introduced 3 a so-called digital phase mask ⌽ j ͑m, n͒ in order to compensate the phase changes introduced by the microscope objective:
where p j and p j are parameters that should be adjusted to compensate the wavefield curvature induced by introduction of the MO and to compensate also different eventual reference-wave curvatures.
Hence the reconstructed wavefronts are
Instead of reconstructing directly the recorded hologram I H , the reconstructed wavefronts are computed using the filtered complex holograms I Hj defined in Eq. (5):
The off-axis geometry allows separating of the different diffraction orders, and therefore the different areas in the spectral content of the hologram corresponding to ⌿ 1 and ⌿ 2 . They can therefore be selected in the Fourier plane of the hologram. Using Eq. (1) 
The adjustment of the half-wave plates orientation in the reference arms [͞2 in Fig. 1(a) ] achieves equal amplitudes for reference waves ͑|r 1 | ϭ |r 2 |͒. Thus, the phase difference ͓⌬ o ϭ phase͑o 2 ͒ Ϫ phase͑o 1 ͔͒ and the azimuth ͓ ϭ atan͑|o 2 |͞|o 1 |͔͒ parameters can be expressed from Eq. (13): where ⌬ R ϭ phase͑r 2 ͒ Ϫ phase͑r 1 ͒ can be cancelled by a calibrated phase difference offset applied to the phase difference image. The reconstructions of the SOP parameters ( 
Results and Discussion
A. Illustration of Method Principle: Stress in a Bent Optical Fiber
The goal of this subsection is to show that the Pol-DHM method permits one to image the polarization state of a microscopic object. A bent fiber is used because it is known that the stress induced by the bending creates birefringence (Ref. 15 ). The idea in this subsection is not to demonstrate the quantitative possibility of the method (discussed in Subsection 3.B) but to present the imaging capability. Indeed, to analyze quantitatively birefringence, it is better to strip off the coating of the fiber to study only the cladding. Here SOP parameters imaging of the entire fiber will be performed. The borders between coating and cladding appear as dark lines on amplitude images and have an undefined phase. This phenomenon can be explained by the high refractive-index differences between each side of the borders; therefore the light passing near the borders undergoes a great deviation and is not collected by the MO so that no light coming from these areas reaches the CCD sensor.
There is an important difference of optical path length because there is also an important difference between the refractive indices of liquid and coating and between coating and cladding; therefore phase jumps appear in the phase images. On the other hand, a particle of dust floating in the liquid gives some contributions in amplitude [inside circles in Figs. 5(e) and 5(f)]. Fig. 6(c) ]. The reason of this phenomenon is that this dust particle does not affect the polarization of the illuminating wave. Figure 7 presents SOP values measured along the transverse section. A rectangular region of interest (ROI) with the major axis perpendicular to the fiber is selected on the SOP images (dashed rectangle in Fig.  6 ). The mean value along the small axis direction is taken for each point of the major axis. The azimuth and phase difference mean profile are plotted for the SOP images of the unbent and bent fibers.
The graph of Fig. 7(a) shows a uniform azimuth for the unbent fiber except in the border areas where azimuth is not well defined. For the bent fiber, the azimuth increases symmetrically from the center of the cladding region.
The graph of Fig. 7(b) shows first that without bending, the phase difference is not constant. Indeed, the phase-difference profile in the cladding region changes because of the fiber internal stress due to the fabrication process, and the right coating region has a phase difference of about 40°, due to the residual stress resulting from the winding of the fiber.
In the case of the bent fiber, the phase difference in the cladding region follows the theory. 15 Indeed, the refractive index changes only in the direction perpendicular to the fiber axis (horizontal refractive index) and is constant in the direction parallel to the fiber axis (vertical refractive index). Furthermore, the horizontal refractive index increases for compressed areas and decreased for expanded area. Thus, because the phase difference is inversely proportional to the horizontal refractive index, it decreases in a compressed area and increases in an expanded area.
The bending of the fiber induces birefringence in the coating too. The comparison between the two curves indicates that the phase difference for the coating increases in the expanded area and decreases in the compressed area when the fiber is bent, as we can expect for the same reason explained above.
This example shows that the introduction of a microscope objective permits a 2D mapping of SOP parameters for microscopic objects. In the case of an optical fiber, the comparison between SOP images of an unbent fiber and a bent fiber reveals clearly a SOP modification due to the bending. The SOP images contrast is also due uniquely to the optical properties induced by the stresses. Therefore a map of the stresses in the optical fiber is obtained without suppressing the coating. It can be interesting for a quality control application, for instance.
B. Resolution and Efficiency Evaluation: Internal Stress in Optical Fiber
To evaluate the resolution of the phase-difference imaging, the same fiber with a suppressed coating and without bending is used as a sample. The goal is to image the birefringence due to the internal stress created during the fiber fabrication process. 16 The fiber is immerged in the same refractive-index liquid as before. Figure 8 presents reconstructed images achieved with a 20 times magnification MO and a numerical aperture N.A. ϭ 0.5: (a) phase ͑o 1 ͒, (b) phase ͑o 2 ͒, and (c) the phase difference. Because the refractive-index liquid is very close to the cladding refractive index, there are no phase jumps and the core is visible in the center of the fiber. The phasedifference images show clearly the birefringence due to internal stress. However, to evaluate the precision, a comparison with a reference method is necessary.
The setup used to obtain the reference birefringence profile is similar to the one presented in Ref. 17 and is a further development of a method already demonstrated in 1982. 16 Light from a He-Ne laser is scattered by a rotating diffuser, collected by a lens, and linearly polarized at an angle . The polarized light passes successively through a quarter-wave plate and the optical fiber. The fiber axis is adjusted to an angle of 45°with respect to the optical axes of the quarter-wave plate. Thus, the light is again linearly polarized after having passed the fiber. The axis of polarization of the beam leaving the fiber is shifted by a certain angle ⌬ with respect to the axis of the beam impinging on the quarter-wave plate. The angle shift ⌬ is proportional to the birefringence introduced by the fiber. The shift in polarization angle is converted to an intensity modulation by an analyzer following the optical fiber. The resulting intensity distribution of the light behind the analyzer is
The intensity profile [Eq. (15) ] is captured by a CCD camera for different angles of the light impinging on the quarter-wave plate. This allows the determination of the intensity minima with high accuracy, using a least-square fitting algorithm. At minimum intensity, ϭ Ϫ⌬͑x, z͒ in Eq. (15) . Thus the spatial profile of the fiber-induced birefringence can be determined. The fiber is imaged on the CCD camera using a 20ϫ MO with a numerical aperture of 0.5, limiting the spatial resolution to about 0.8 m. The standard deviation in ⌬ is better than 0.1°. As to compare the Pol-DHM with the reference method, a phase-difference mean profile is taken from the Fig. 8(c) by computing the average phase difference on each column. Figure 9 presents the comparison between the phase difference measured with the reference method (solid curve) and with the Pol-DHM method (triangle).
In the reference method the intensity is measured over 36 different angles to determine the angle of minimum intensity. This leads to a phase-difference resolution of 0.1 degree. In contrary, to obtain a phase-difference profile by Pol-DHM, only one single acquisition is performed. In this case a onedimensional phase-difference resolution of less than 2 degrees is obtained, which is comparable to standard methods. 15 The two-dimensional phasedifference resolution is evaluated by adding the standard deviation measured out of the fiber area (rectangle in Fig. 8 ) with the one-dimensional resolution. The calculus gives a standard deviation about 6 degrees that gives a two-dimensional phasedifference resolution better than 8 degrees.
The spatial resolution of DHM is approximately equal to the diffraction limit of the MO as shown in Ref. 3 . Therefore, the spatial resolution should be 0.61͞N.A. Х 0.8 m. However, because the MO was not used in its best performance in terms of spatial resolution for technical reasons, the effective spatial resolution is evaluated to about 2 m by considering that the edges and middle of fiber core ͑6.7 m͒ are well distinguishable. Figure 10 presents the |o 1 | reconstruction of a standard USAF target hologram recorded with the same setup. The smaller elements corresponding to 228 lines per millimeter are distinguishable, and therefore it confirms a spatial resolution of about 2 m.
Conclusion
In this paper, the existing techniques of polarization digital holography and digital holographic microscopy were joined together to achieve a new type of polarized-light microscope, the Pol-DHM. We have shown that this method permits, by the acquisition of a single hologram in off-axis geometry, to image the SOP parameters of the object wave transmitted through a microscopic sample with a spatial resolution about 2 m. Nonstripped bent and unbent fibers were used as microscopic samples to illustrate the principle of the method and its imaging capability. Finally, birefringence induced by internal stress in a stripped optical fiber was measured and compared with the results obtained with a reference method. The results of the two methods match quite well, and the Pol-DHM has a one-dimensional phase-difference resolution better than 2 degrees, that is comparable Fig. 9 . Comparison between the phase-difference measurements performed with the reference method (solid curve) and performed with the Pol-DHM. to standard methods and a two-dimensional phase difference resolution better than 8 degrees. The next step of the Pol-DHM is to image the SOP of other birefringent objects, in transmission and reflection configuration, with biological samples in particular.
